Abstract -Mobile robot localization is an important operation used in several applications. For instance, the location of the mobile robot can be used to associate environment data captured by the robot with the location where this data is captured, or to issue robot commands dependent on location and remaining battery energy. We explore three localization methods for indoor robots: optical wheel encode, ultrasonic sensors, and received WiFi signal strength. We experiment with these localization methods on a National Instruments wheeled DANI robot, compare their accuracies, and evaluate their merits.
I. INTRODUCTION
Indoor localization is a crucial topic in different engineering fields. It provides the system with the location of people and objects relative to the environment (with a specific location set as the reference point). Recently, indoor localization has been a hot area for several researchers as it solves major issues in our life. These issues may be as simple as protecting a laptop computer from theft or as complicated as a robot recognizing its dynamically changing environment, e.g., NASA's Mars Exploration Rover. Indoor robot localization is considered essential to a mobile robot to reach autonomy. With this critical information, the mobile robot can interact coherently with the environment objects and people and can navigate through the surrounding objects with flexibility in dealing with unexpected situations. Some of these applications are exploring, search and rescue, surveillance, retrieving, transporting, and other missions. The location of the robot may be used in determining the robot's next action or in issuing the proper command to the robot or in logging sensor data with the corresponding location where the sensor data was retrieved. For all these reasons, it is important that the task of localization be performed accurately, since the acquisition of inaccurate localization data causes an imperfect implementation of the operation. Thereafter, it is important to identify a reliable localization method for indoor mobile robots.
In this paper, we will describe and compare different techniques used to determine indoor robot localization for a robot moving on a straight line indoors. Indoor robot localization techniques are reviewed in Section II. In Section III, the NI robot platform functions and components are briefly reviewed. In Section IV, the localization experiments performed on the NI DANI robot to evaluate the accuracy of robot localization using the measured WiFi received signal strength (RSS), optical wheel encoder odometer, and ultrasonic sensor techniques are described including the LabVIEW program written to control the robot and capture the odometer and sensor readings. In Section V, the data results of the three explored localization methods are presented and the methods evaluated. The paper concludes in Section VI.
II. INDOOR MOBILE ROBOT LOCALIZATION TECHNIQUES
There are diverse methods to achieve indoor localization, depending on the environment, application, and availability. Localization technologies that use radio frequency (RF) signals to estimate the target position have been popular lately among researchers. A brief description with potential for each wireless localization technology will be discussed in detail.
The Global Positioning System (GPS) is one approach used for position indication. GPS depends on satellites orbiting the Earth and transmitting precise time radio signals. It provides a three dimensional position estimate in absolute coordinates by comparing the time delay from different satellite signals. Nowadays, the most accurate GPSs locates within an average of 2.5m CEP (circular error probable), which is not sufficient enough for accurate robot localization application. More importantly, the GPS signal tends to fade faster inside buildings [1] so it is more used in outdoor applications.
GSM-based indoor localization exploits GSM modules attached to the moving target. The GSM module 978-1-4673-5157-7/13/$31.00 ©2013 IEEE communicates with the closest base station around the area and calculates the probabilistic position of the target. Using GSM technology for localization has several features over other technologies. A localization system based on cellular signal has an advantage of utilizing the phone existing hardware without the need for additional radio interfaces. GSM coverage and capacity exceed the coverage and capacity of other technologies. Additionally, a cellular-based localization system is robust to indoor power failures [1] .
Infrared is an energy radiation with a frequency below our eye's sensitivity. Based on the reflected signal, the infrared sensor could determine the location of the object. Multiple infrared transmitters and receivers are used for localization [1] .
The purpose of the Ultrasound (UT) technique is to measure the distance between a fixed point and a mobile target using ultrasonic waves. The system must consist of one transmitter and multi-receivers. To synchronize the receivers, a faster wave than ultrasonic is used, such as radio or IR. After the receivers detect the reflected ultrasonic waves, they calculate the time between the synchronization signal and the reflected ultrasonic signal to estimate the distance between the transmitter and the target. The usefulness of this technique is the simplicity of implementation and the cost reduction. The main disadvantage of UT sensors is the generated multipath at the receiver, which could disturb the distance between the emitter and the target [1] .
The wireless local area network (WLAN) technique requires information of either the travel time of the radio wave or the received signal strength to estimate the location. Using the IEEE 802.11 WLAN for localization has fundamental benefits. First, the ubiquitous availability of WLAN access points in urban areas makes it easy to exploit for positioning purposes. Second, the WLAN approach results in bounded, not cumulative, positioning errors. Third, it outreaches the GPS signal in closed areas. Finally, flexibility of location and data ports is required. With the absence of line of sight, and the presence of path loss, multipath diversity and fading, the signal information becomes inaccurate and erroneous, which is considered as a drawback of WLAN [2] .
There are some other physical technologies used for indoor localization purposes. Odometer or encoder is one of the oldest and basic techniques. It is usually attached to a wheel or motor cylinder to measure the actual rotation and estimate the distance traveled by the target [3] . Camera localization is being used for specific applications nowadays. The camera must deliver sufficient image quality in a decent lighting view for effective image processing. A reference object in each scene must be identified to estimate the instantaneous absolute position of the target away from it. High image processing and computational algorithms are required. Localization based on landmark recognition is yet another effective technique [3] . Inertial measurement units (IMUs) technology is another concept that has been developed and improved for decades now. Each unit contains a 3-axis accelerometer, a 3-axis gyroscope, and other sensors. It uses the inertial property of a mass to calculate its motion. This concept is underdeveloped due to the unlimited cumulative errors of the sensors [4] . Every technology previously mentioned has different advantages and limitations to the other technologies. Therefore, if we fuse two technologies that have complementary performance advantages, the localization accuracy will increase and the estimation errors will decline [4] . Visual odometer combines the data from an odometer and a camera to improve the localization accuracy of the target. This fusing algorithm is the one being applied currently on NASA's Mars Exploration Rover. The rover uses two pairs of stereo cameras in addition to wheel odometers [5] .
New algorithms have been developed to assist localization technologies performance. L. Tian proposed an algorithm to estimate the position and orientation of an object based on RF signal strength [6] . H. Cheung utilized the mean and variance of the squared distance estimates to devise two linear least squares estimators for RSS-based localization [7] . Simultaneous Localization and Mapping (SLAM) is another technique to enhance the localization technologies [8] .
The most effective localization technology will be the one that determines the target location by covering a wider area with an acceptable range of error. The ubiquitous availability of WLAN indoor access points makes WLAN technology a good candidate to track targets cost wise. Our experiments will test, compare the accuracy, and error range of WLAN localization with odometer and ultrasonic technologies.
III. DANI ROBOT DESCRIPTION AND DETAILS
The NI LabVIEW Robotics Starter Kit1, shown in Fig. 1 , is a fully assembled mobile robot platform that features sensors, motors, NI single board reconfigurable I/O (sbRIO) hardware for embedded control. The simplicity of the DANI robot makes it ideal for prototyping mechatronic and robotic applications.
The sbRIO-963 embedded control and acquisition device integrates a real time processor, a user reconfigurable field programmable gate array (FPGA), and I/O on a single board. The board can be programmed with LabVIEW Real-Time module, LabVIEW FPGA module, and LabVIEW Robotics Software. The sbRIO contains serial and Ethernet ports for data communication.
Optical quadrature encoders are connected to the shaft between the motors and the wheels. They are incremental shaft encoders with 100 cycles per revolution, as shown in Fig. 2 . Therefore, it has a resolution of 400 pulses per revolution. Each encoder requires 5V power supplied by the sbRIO. The Parallax PING ultrasonic sensor is attached to the DANI robot, and can detect objects (the lab wall, in our case) by emitting a short ultrasonic burst and then listening for the echo. Under the trigger command, the sensor emits a short 40 kHz ultrasonic burst. The burst travels through the air, hits an object, and bounces back to the sensor. Depending on the burst travel time, the sensor estimates the distance of the object away from the ultrasonic sensor. The transducer requires 5V supply power from the sbRIO and its extreme range is from 0.02 m to 3 m. The transducer is mounted on a 180° sweeping servo motor, as shown in Fig. 3 . The wiring of the ultrasonic transducer, quadrature encoders, and sweeping servo motor are connected directly to digital input/output pins in the onboard sbRIO, while the DC motors are indirectly connected to the sbRIO pins through a driving circuit, which enables the motors to draw higher voltage and current that can only be provided by the battery
IV. EXPERIMENT AND CONTROL SOFTWARE PROGRAMMIMG
The experiments were performed with a National Instrument (NI) robotic platform plus a WLAN communication system. The DANI robot was designed to be an explorer, in search and rescue, surveillance, retrieving, transporting, and other missions. It has a couple of DC motors to differentially drive the robot. The wheels connected to the motor are attached to an odometer (quadrature encoder) to measure the actual wheel rotation and be used as a feedback for the controller. It comes with Parallax 28015 ultrasonic transducer mounted on top of a sweeping servo motor. Subsequently, the available ultrasonic sensor has limited range and accuracy. The motors and sensors of the robot are interfaced and controlled by a sbRIO_9631, fixed on top of the DANI robot.
LabVIEW is the NI software for interfacing and programming the robot's controller, and interfacing and controlling the sensors and actuators through a data acquisition card (DAC). The LabVIEW SDK was installed on a PXIe system and the LabVIEW program to control the DANI robot was developed.
The NI PXIe-8133 is an embedded computer operated by windows and is capable of integrating various standard input/ output modules. It has different communication ports, such as Ethernet to interface or program external controllers or DACs. This computer is the core of interfacing and programming the robot.
A WLAN router, situated in an adjacent hallway with a door separating it from the lab where the experiments were conducted, emits a WiFi signal, which is received by the mobile robot in the lab. We tried to connect a WLAN antenna to the DANI's sbRIO controller but we were missing receiver electronics. We instead opted to download and install the Net Stumbler application on a Samsung Galaxy SII mobile phone, running the Android operating system. We verified that the application works by moving the phone away from the WLAN router and then attached the Galaxy phone on top of the DANI robot [13].
The DANI robot was connected to the PXIe controller via Ethernet port in the sbRIO. After we had configured and tested the robot, the programming phase started on the PXIe. Our experiments were carried out on the DANI robot moving on a straight line on a clean floor and controlled by the NI PXI system running a LabVIEW program, which starts and stops the robot, and reads wheel encoder and UT sensor data. The LabVIEW program, shown in Fig. 4 , is developed on the PXIe embedded controller. Afterwards, the program was downloaded onto the sbRIO and processed in the FPGA on board of the mobile DANI robot. The first step in the software development after creating a project under the Starter Kit sbRIO tag was to establish a communication session with the FPGA on the DANI-Robot by placing the initialize starter kit function in the block diagram window. This step allowed the FPGA to access the different I/Os in the robot. The code that drives the robot and acquires the distance data was placed inside a while loop that terminates when a stop button is pressed by the operator. The motors' velocity is controlled by the user before being sent to the DC motors velocity set point write function. The read DC motor velocity function returns the output of the two optical encoders. The velocities of the motors in each iteration are multiplied by the iteration time to get the distance traveled by each motor in each iteration. Shift registers are used to increment the total traveled distance by the current iteration traveled distance. Additionally, they are used to estimate the current iteration duration. In the same iteration, the read PING sensor distance block acquires the distance measurement output from the ultrasonic transducer. The output results of the optical encoder and the ultrasonic transducer are graphically displayed on the PXI screen. When the stop button is pressed, the while loop is terminated and the software closes the communication session with the DANI robot.
V. EXPERIMENT RESULTS
We experimented with three localization methods for the indoor robot moving on a straight line: (1) Optical wheel encoder method; (2) Ultrasound senor method; and (3) WIFI WLAN received signal strength method. We marked the line with real distance measuring marks using a measuring tape. The results of these experiments are presented in Table I and are plotted in Fig. 5 . Periodically, the robot is stopped and the wheel encoder reading, UT sensor measurement, and WIFI received signal strength were all recorded at the traveled distance at which the robot is stopped. 
A. Wheel Encoder Method
The distance traveled by the robot is the number of rotations times the wheel's circumference. The wheel's circumference is given by (2 * pi * r), where r is the wheel's radius. Figure 6 shows the DANI robot wheels whose specifications are displayed in Table II . Prior work reveals that when the surface on which the wheels roll is slippery, the wheel encoder readings become compromised and lose their precision as the wheel may turn incrementing "the odometer" while the mobile robot remains in its place. For this reason, other more reliable localization methods under slippery conditions are sought. The wheel encoder "odometer" method is thus a complimentary localization method, which can be solely relied on under dry ideal surface conditions.
B. Ultrasonic Sensor Method
The UT sensor emits an ultrasonic signal, which bounces back after hitting a wall at the end of the line travelled by the robot, 8 m away from the robot's start point, and is detected back by the sensor on board of the robot. The travel time of the reflected UT signal should correlate with the distance between the UT sensor and the reflecting surface. This process is illustrated in Fig. 8 . Fig. 9 and indicate a poor linear fitting (R 2 =0.1884). After traveling for 4 m, the robot is now closer to the reflecting wall at the end of the line, and is now within the UT sensor range of reliable operation. Thereafter, the UT sensor reading decreases with the distance traveled and the UT sensor more accurately measures the robot's distance from the wall at the end of the line. When we only consider the UT sensor readings up to a distance of 8 m-4 m=4 m away from the reflecting wall at the end of the line, the linear interpolation plot shown in Fig. 10 indicates much improved correlation (R 2 =0.9422). The received WiFi signal strength readings (scaled by 1/10) are curve-fitted in Fig. 11 with very good correlation (R 2 =0.9486).
VI. CONCLUSION
This paper explores and experiments with three localization techniques for indoor robots: optical wheel encoder "odometer-style" reading, ultrasound sensor readings of UT signals bouncing back from a wall, and measured WiFi signal strength received from a WLAN router. Experiments are conducted on the NI DANI robot, which is used as an explorer on a smooth surface area.
In ideal conditions with dry surface and non-slippery conditions, the optical wheel method is most accurate followed by the received signal strength method. In slippery or rough terrain conditions where the reliability of the optical wheel encoder method deteriorates and as long as the robot is under the operational range of the WiFi router and transmitter, the received WiFi signal strength method (possibly with extended antenna range) should be very accurate with a longer operational range than the UT sensor method.
In the near future, we plan to further explore the WiFi RSS method and transmitting router placements to extend its operational range.
